Understanding how RhoC expression and activation are regulated is essential for deciphering its contribution to tumorigenesis. Here, we report that RhoC expression and activation are induced by the epithelial to mesenchymal transition (EMT) of colon carcinoma. Using LIM 1863 colon cancer cells, RhoC protein expression and subsequent activation were detected coincident with the loss of E-cadherin and acquisition of mesenchymal characteristics. Several Ets-1 binding sites were identified in the RhoC promoter, and evidence was obtained using chromatin immunoprecipitation that Ets-1 can regulate RhoC expression during the EMT. Interestingly, a marked decrease in RhoA activation associated with the EMT was observed that corresponds to the increase in RhoC expression. Use of shRNA established that RhoA inhibits and RhoC promotes post-EMT cell migration, demonstrating functional significance for their coordinate regulation. To assess the importance of RhoC expression in colon cancer, immunohistochemistry was performed on 566 colorectal tumors with known clinical outcome. The level of RhoC ranged from no expression to high expression, and statistical analysis revealed that elevated RhoC expression correlates with poor outcome as well as aberrant expression and localization of E-cadherin. These data provide one mechanism for how RhoC expression is regulated in colon carcinoma and substantiate its utility as a prognostic marker.
Introduction
Elucidating the key events of carcinoma progression is critical for our understanding of the disease, as well as our ability to properly manage it. Consequently, the degree of cytodifferentiation of a carcinoma can provide important insight into the nature and behavior of the tumor. In general, loss of epithelial characteristics during tumorigenesis is associated with increased aggressiveness and poor prognosis. Such observations have led to the implication of epithelial to mesenchymal transition (EMT) as a mechanism of carcinoma progression (Thiery, 2002; Thompson et al., 2005) . EMT describes the trans-differentiation of epithelium into mesenchyme that occurs during embryonic development. Given that poorly differentiated carcinomas resemble mesenchymal cells, often exhibiting expression patterns associated with an EMT such as loss of E-cadherin and expression of mesenchymal proteins such as vimentin, this transition is used increasingly to explain the genesis of high-grade carcinomas . Indeed, proteins associated with the EMT are involved in tumor progression, often serving as inducers of a phenotypic change, enhancers of invasion and metastasis, or markers of a more foreboding patient outcome (Yang et al., 2004; Moody et al., 2005; Roy et al., 2005) . In addition, EMT may not be restricted only to high-grade tumors because a localized EMT may occur at the invasive front of more differentiated tumors to facilitate their egress into surrounding tissue. As such, the EMT can be a powerful approach for identifying molecules whose expression is associated with aggressive disease and that may be potential therapeutic targets.
A valuable model for studying the EMT process in tumor progression are LIM 1863 colon carcinoma cells, which grow as highly differentiated organoids in culture and exhibit a three-dimensional structure that recapitulates the colonic epithelium. In response to stimulation with tumor growth factor (TGF)-b and tumor necrosis factor (TNF)-a, these spheroids undergo a rapid conversion to a more mesenchymal, two-dimensional architecture that involves loss of E-cadherin, delocalization of p120ctn, and expression of mesenchymal proteins (Bates and Mercurio, 2003; Bellovin et al., 2005) . The consequence of this conversion is the acquisition of chemotaxis and the ability to survive as single cells. This transition appears to involve profound changes in the cytoskeleton in a manner associated with altered activity of multiple Rho GTPases. In this direction, we reported recently that, although excess RhoA can result in cellular transformation, the EMT process involves a suppression of RhoA activity, which is essential for the ability of these cells to migrate efficiently . These observations suggest that the contributions of RhoA to tumor initiation and progression may differ and that the regulation of RhoA activation is critical for these processes.
Our findings on RhoA activation and the EMT of colon carcinoma raise the possibility that RhoC, a closely related member of the Rho GTPase family, may be modulated in response to the EMT as well. This possibility is substantiated by reports that have demonstrated the correlation of RhoC expression with the progression and metastasis of several tumor types (van Golen et al., 1999; Clark et al., 2000; Shikada et al., 2003; Wang et al., 2004b) . Moreover, a recent transgenic study using RhoCÀ/À mice concluded that this protein is not necessary for the development of mammary tumors but that it is essential for metastasis to the lungs (Hakem et al., 2005) . The hypothesis can be derived from these findings that activated RhoC is a distinguishing characteristic of more aggressive tumors and that the EMT may be one mechanism for regulating RhoC function in cancer. However, the mechanisms by which RhoC transcription and GTPase activity are regulated during tumorigenesis remain to be determined.
We demonstrate here that RhoC expression and activation are induced during EMT of colon carcinoma and that its expression can be regulated by the Ets-1 transcription factor. Moreover, a reciprocal regulation of RhoA and RhoC activation characterizes the EMT and is essential for the migration of post-EMT cells. To assess the clinical relevance of these observations, we examined the expression of RhoC protein in 566 primary colorectal tumors. Increased RhoC expression correlates with a significant reduction in patient survival time, substantiating the use of RhoC as a prognostic marker and potential therapeutic target for colon carcinoma. Interestingly, RhoC expression also correlates with altered expression and localization of E-cadherin, providing further evidence that its expression is linked to an EMT process in colon carcinoma.
Results

RhoC is expressed and activated during EMT of colon carcinoma
The EMT of LIM 1863 organoids is coincident with a suppression of RhoA GTPase activity, which is necessary to enable the migration of cells that have lost E-cadherin expression . Although no significant change in the level of RhoA protein occurs in response to stimulation with TGF-b and TNFa, the expression of RhoC protein was detected, beginning within 4 h of cytokine treatment and reaching maximal expression at 24 h ( Figure 1a ). This expression was detected using a novel polyclonal antibody generated against a peptide from the carboxy terminal region of RhoC, the specificity of which is confirmed in later experiments utilizing shRNA (Figure 3a and b) . The induction of RhoC expression coincides with loss of E-cadherin ( Figure 1a ) and the acquisition of an adherent, motile phenotype (not shown). Moreover, a marked increase in RhoC mRNA occurs early during EMT, suggesting that the induction of RhoC expression may be the result of transcriptional activation (Figure 1b) . The expression of RhoA mRNA, in contrast, does not increase in response to cytokine stimulation, consistent with the protein data (Figure 1b) .
To determine whether RhoC is activated subsequent to its expression, the Rhotekin pulldown assay was used to assess the proportion of RhoC protein bound to GTP in LIM 1863 cells upon cytokine treatment. Indeed, significant RhoC activity is detectable 18 h after cytokine stimulation and is sustained until at least 36 h (Figure 1c) . Interestingly, the increase in RhoC activation occurs concomitantly with a decrease in RhoA activation (Figure 1d ).
RhoC transcription is regulated by Ets-1 during EMT of colon carcinoma An important issue that arises from these data is how RhoC expression is regulated during the EMT of LIM 1863 cells. Analysis of the RhoC promoter revealed multiple putative binding sites for the Ets-1 transcription factor (GGAA/T) (Woods et al., 1992) . In fact, there are several regions containing clusters of three or more potential sites (Figure 2a) . To define the role of Ets-1 in regulating the RhoC gene, two fragments encoding the proximal 280 and 990 basepairs of the RhoC promoter were cloned into the PGL3 luciferase reporter plasmid. The ability of Ets-1 to transactivate the RhoC promoter was then tested in cotransfection studies ( Figure 2a ). Whereas cotransfection with the short construct led to a modest increase in transactivation (2.6-fold induction), cotransfection with the larger construct resulted in a 5.3-fold induction of the reporter (Figure 2b ). Further analysis of this larger region revealed that multiple Ets family members are able to activate the RhoC gene to varying degrees, with Ets-1 and Ets-2 being the most potent regulators (8.2-and 7.5-fold induction, respectively; Figure 2c ). This is equivalent to the activation of other Ets-1 responsive promoters in the Flt-1 and urokinase genes (Dube et al., 1999) . However, we were not able to detect expression of Ets-2 by reverse transcriptase-polymerase chain reaction (RT-PCR) (not shown), confirming our previous assertion that Ets-1 is the predominant member of this protein family that is expressed in the LIM 1863 cells .
Chromatin immunoprecipitation (ChIP) was performed to evaluate whether the Ets-1 protein interacts with specific regions of the RhoC promoter, and to determine if Ets-1 binding is EMT-dependent. Indeed, immunoprecipitation of Ets-1 resulted in the isolation of fragments of DNA corresponding to the RhoC promoter as determined by PCR (Figure 2d ). Of the four regions examined, ChIP-2 and ChIP-3 both demonstrated strong evidence of this interaction (Figure 2a and d). Specifically, PCR products corresponding to these two regions were detected in post-EMT but not in pre-EMT cells, while no significant change was observed in either the input or control IP samples. Along with ChIP-4, ChIP-1 showed minimal binding to Ets-1 in post-EMT cells, consistent with the weak transactivation of this region in the promoter assay (Figure 2b and d). While ChIP-1 demonstrates a nominal signal in the post-EMT sample, ChIP-4 did not generate a PCR product in either pre-or post-EMT cells. The involvement of this transcription factor in the regulation of RhoC expression during the EMT of LIM 1863 cells is substantiated by our previous finding that the expression of Ets-1 itself is induced during this EMT .
RhoC enhances and RhoA inhibits post-EMT cell migration
The functional consequences of RhoC activation and suppression of RhoA activation during the EMT of LIM 1863 cells were assessed. For this, a retroviral Figure 2 RhoC transcription during EMT is regulated by Ets-1. (a) Schematic of the human RhoC promoter. Circles indicate the presence of a putative Ets-1 site (GGAA/T). Promoter constructs corresponding to the regions indicated below were generated in pGL3-Basic. PCR primers were designed for ChIP to amplify the regions above. (b) Promoter regions of two lengths (B990 and 280 bp) were tested for the ability of Ets-1 to enhance transcription of a luciferase reporter, standardized against a PCI negative control. The relative increase in luciferase activity was 2.6-fold for the 280 bp and 5.3-fold for the 990 bp construct. (c) The larger promoter fragment was tested for the ability of multiple Ets family members to enhance the transcription of a luciferase reporter. Ets-1 activated 8.2-fold, Ets-2 7.5-fold, Efl-1 and NERF 2 3.8-fold compared to PCI control. NERF 1A and Elk-1 demonstrated relatively little induction. (d) LIM 1863 cells were treated with cytokine for either 0 or 24 h, and cross-linked chromatin was immunoprecipitated with or without an antibody to Ets-1. Polymerase chain reaction corresponding to the four regions in (a) were used. A significant increase in signal was obtained using ChIP-2 and -3 primer sets, but not ChIP-1 or -4. GAPDH was used to detect background DNA contamination. An input control demonstrates relatively equal recovery of DNA from samples. system to express either RhoA or RhoC shRNAs in the LIM 1863 cells was used. Immunoblots demonstrated that, upon expression of these shRNAs, RhoA protein was reduced in both pre-and post-EMT cells by B90%, while RhoC expression was reduced by B95% in the post-EMT cells compared to a scrambled control shRNA ( Figure 3a) . Reduction of RhoA and RhoC was also observed at the mRNA level (not shown).
Interestingly, there appears to be a compensatory increase in RhoA of B35% in pre-and post-EMT cells upon reduction of RhoC, as well as an increase in RhoC expression of B50% upon reduction of RhoA in post-EMT cells. Furthermore, the RhoA shRNA caused a reduction in active RhoA of B65% and the RhoC shRNA resulted in its diminished activation by B75% in post-EMT cells (Figure 3b) . Importantly, shRNA targeted to either RhoA or RhoC was not sufficient to inhibit EMT as determined by loss of E-cadherin expression ( Figure 3a ) and change in morphology (not shown).
LIM 1863 cells expressing the Rho shRNAs were assayed for their ability to migrate towards conditioned medium from 3T3 cells. Following EMT, cells with reduced RhoA expression were 129% more motile than were cells treated with a scrambled control, while RhoC shRNA resulted in a 54% reduction in cell migration (Po0.05; Figure 3c ). Notably, even though it has previously been shown that RhoA activity is suppressed during EMT to facilitate migration , expression of shRNA for RhoA was able to enhance cell motility further (Figure 3c ). (Figure 4d and e, respectively, Table 1 ). Of note, no expression was detected in normal colon (Figure 4a ). To confirm the specificity of the antibody used, IHC was performed on a parallel array without the addition of primary antibody (Figure 4f ). In addition, SUM-159 breast carcinoma cells that expressed shRNA for either RhoC or RhoA, or a scrambled control (Simpson et al., 2004) were examined by IHC. The control cells and those that expressed the RhoA shRNA exhibited relatively high expression of RhoC (Figure 4g and i, respectively), but staining was diminished significantly in cells expressing the RhoC shRNA (Figure 4h ).
RhoC expression in colon carcinoma serves as a prognostic indicator
Univariate analysis revealed that moderate or high RhoC expression correlates with a significant reduction in patient survival. Specifically, the median survival time for patients with moderate or high RhoC expression were 41.8 and 43.5 months, respectively, compared to 75.5 months for patients with tumors that had no discernible expression ( Figure 5 , Table 1 ). Patients with tumors demonstrating low expression of RhoC had a median survival time of 51.4 months ( Figure 5 , Table 1 ). The correlation between RhoC expression and survival was significant (P ¼ 0.0168). As expected, tumor stage and lymph node status are predictive for patient outcome in our data set, confirming the validity of this analysis. However, while RhoC is a predictor of patient outcome, it does not appear to correlate significantly with either tumor stage or lymph node metastasis. Thus, RhoC expression appears to also be fairly significant in a multivariate setting (Po0.05), though lymph node status is still the single best predictor using such an approach (Po0.001).
RhoC expression correlates with altered E-cadherin in colon carcinoma As RhoC expression correlates with E-cadherin loss in the EMT model, it was determined whether such a correlation exists in colon carcinomas using the tissue arrays. Indeed, RhoC expression was associated with either loss or altered localization of E-cadherin. While tumors with no discernible RhoC expression were predominantly associated with membranous E-cadherin (62.1%; Figure 6a and b, Table 2), the majority of tumors with high RhoC expression had abnormal expression or localization of E-cadherin (75.8%; Figure  6c and d, Table 2 ). In contrast, abnormal E-cadherin was seen in only 37.9% of tumors with no discernable RhoC expression (Table 2 ). Tumors with low or moderate RhoC expression corresponded with aberrant E-cadherin in 58.5 and 62.4% of tumors, respectively ( Table 2 ). The correlation between RhoC and E-cadherin expression is statistically significant (Po0.001).
Discussion
A function for RhoC in tumor metastasis has been demonstrated in a transgenic model of breast cancer, and it has been inferred from several profiling studies (van Golen et al., 1999; Clark et al., 2000; Wang et al., 2004b; Hakem et al., 2005) . What has not been examined, however, is the mechanism by which the expression and activation of this GTPase are regulated in cancer. In this study, we provide evidence that RhoC expression and activation can be stimulated as a consequence of the EMT of colon carcinoma, a process that is characterized by loss of E-cadherin and is associated with aggressive disease. Additionally, we identify a specific transcription factor, Ets-1, that regulates RhoC expression during the EMT. Our finding that RhoC expression in a large cohort of tumors is associated with either loss of E-cadherin expression or its delocalization from adherens junctions substantiates the relevance of these data to human colon cancer. Most importantly, RhoC expression may serve as a prognostic indicator for colorectal carcinoma because it correlates with a significant reduction in patient survival time.
Our findings reinforce the hypothesis that the EMT can be a powerful approach for identifying molecules whose expression is associated with aggressive disease and that may serve as potential therapeutic targets. This hypothesis must be considered, however, in light of the current debate on whether a bona fide EMT occurs during cancer progression. It has been argued that there is a lack of convincing pathological evidence for EMT in tumors . However, this argument resides in large part on the specific definition of EMT and whether epithelium and mesenchyme should be considered as cell lineages or general phenotypes . Supporting the efficacy of EMT as a model for cancer progression, recent studies have shown that molecular markers of EMT in vitro are not only present in tumors, but their expression correlates with advanced disease as defined by reduced patient survival, advanced tumor stage and metastasis Bellovin et al., 2005; Moody et al., 2005) . Moreover, expression of proteins known to induce EMT in vitro and during development, including Snail and Twist transcription factors, function as markers and enhancers of carcinoma progression in vivo (Yang et al., 2004; Roy et al., 2005) . While these observations do not demonstrate the existence of EMT in carcinoma specifically, they do indicate that key aspects of the EMT can be manifested in carcinomas and that they are associated with more aggressive disease.
The demonstration that multiple pathways intrinsic to EMT are invoked in both cancer and development underscores the relationship between these two biological processes. Such observations indicate that the EMT of carcinoma may involve not only the loss of E-cadherin and expression of mesenchymal proteins, but the neo-expression of proteins that are present during epithelial development, as well. These proteins may also be induced during wound healing and in response to inflammation, pathological processes that can involve an EMT. We have previously shown that the EMT of colon carcinoma involves expression of the b6 integrin, which is expressed in the developing intestine but not in the adult . Indeed, the presence of markers during colorectal tumorigenesis is closely correlated to their embryonic expression and subsequent gene silencing during intestinal development (Hu and Shivdasani, 2005) . Hence, the EMT-dependent expression of RhoC and its presence in a sub-population (Hakem et al., 2005) . Our identification of Ets-1 as a transcription factor that regulates the expression of RhoC provides the first insight into how the expression of this GTPase is regulated in cancer, and it emphasizes the potential importance of Ets-1 in the EMT. The role of Ets-1 in multiple biological processes, including hematopoiesis and angiogenesis, is fairly well documented (Bories et al., 1995; Sato, 1998) . Consistent with our data, Ets-1 expression in breast, prostate and other carcinomas is indicative of reduced patient survival (Span et al., 2002; Alipov et al., 2005) . Using the LIM 1863 cell line, we have previously reported additional targets of this transcription factor involved in cell migration and survival, including b6 integrin and the VEGF receptor, Flt-1 . Moreover, the expression of Ets-1 itself is induced early during the EMT of LIM 1863 cells . Another link between Ets-1 and the EMT is the finding that the DNA binding ability of Ets transcription factors is regulated by TGFb-induced acetylation and MAP Kinase phosphorylation, both of which have been shown to be critical for EMT in LIM 1863 cells (Bates and Mercurio, 2003; Tootle and Rebay, 2005) . Clearly, studies aimed at understanding how Ets-1 expression and function are regulated during the EMT are warranted and relevant to increasing our understanding of how this transcription factor functions in cancer.
An interesting phenomenon that emerges from our work is the reciprocal relationship between RhoC and RhoA activation that occurs during the EMT and may impact tumor progression. Specifically, we show that RhoC is activated rapidly upon its expression in LIM 1863 cells and that this activation occurs concomitantly with a downregulation of RhoA activity (Figure 1c) . These findings are validated by our previous work elucidating a similar relationship between these two proteins in breast cancer (Simpson et al., 2004) . Ets-1 provides one mechanism for how RhoC expression is regulated, but another important issue is the mechanism by which RhoA activation is suppressed during the EMT. To this end, we reported recently that p120ctn can associate with RhoA during the EMT of LIM 1863 cells and, as a result, suppress its activation . Our preliminary data, however, suggest that p120ctn has no effect on RhoC activation (data not shown). Nonetheless, it will be informative to assess whether a causal relationship exists between the suppression of RhoA activation and the induction of RhoC expression and activation.
In addition to our findings on the mechanism of RhoC regulation, our data add to an increasing literature on the association of this GTPase with aggressive tumors (van Golen et al., 1999; Clark et al., 2000; Shikada et al., 2003; Wang et al., 2004b; Alipov et al., 2005) . Taken together, these findings highlight the feasibility of RhoC as a prognostic marker for aggressive disease. Interestingly, although RhoC expression was negatively correlated with patient outcome, it was not associated with increased tumor stage or metastasis in our analysis of colon carcinomas. This finding indicates that RhoC can be used as a marker of prognosis independently of tumor stage and lymph node metastasis to enhance the predictability of outcome in a multivariate setting. It is also interesting to speculate that RhoC expression may be induced by inflammation based on corroborating reports in other tissues. This possibility is substantiated by the association of RhoC with inflammatory breast cancer (van Golen et al., 2000) . Furthermore, it has been shown that RhoC expression is induced in the lung by an inflammatory mechanism that is retractable by glucocorticoid treatment (Schwiebert et al., 1997) . Assuming that inflammation can induce RhoC expression in colon carcinoma, this mechanism may help explain the positive effect of dexamethasone treatment on colon cancer (Wang et al., 2004a) .
Another novel aspect of our tumor data is that we link RhoC expression in colon carcinomas with alterations in adherens junctions proteins known to be associated with an EMT. Specifically, comparing the level of RhoC to expression and localization of E-cadherin in the tissue array, we demonstrate a positive correlation between increased RhoC expression and dysregulated epithelial junctions in colorectal carcinoma. It is important to note that this relationship with altered E-cadherin is not absolute. While there is significant correlation between the expression of these two molecules, high levels of RhoC can be detected in some tumors expressing junctional E-cadherin, presumably being regulated by an EMT-independent mechanism.
In conclusion, our data provide one mechanism for how RhoC expression is regulated in colon carcinoma, and they substantiate its usefulness as a prognostic marker. These data also validate the EMT as a fruitful approach to understanding mechanisms involved in the genesis of aggressive carcinomas and for identifying potential therapeutic targets. Importantly, however, these findings, as well as those of other recent studies, argue that the EMT in carcinomas may be a more complex process than that which occurs during development, and it may involve aspects of both a mesenchymal transition and epithelial dedifferentiation.
Materials and methods
LIM 1863 Cells and EMT
LIM 1863 human colon carcinoma cells were induced to undergo EMT by treatment with TGF-b1 and TNF-a (R&D Systems, Minneapolis, MN, USA) at 2 and 10 ng/ml, respectively, and incubation at 371C. At defined times after cytokine stimulation, cells were harvested and assessed by immunoblot for E-cadherin expression (see below) to monitor the EMT.
Analysis of protein and mRNA expression
To evaluate the expression of specific proteins as a function of the EMT, LIM 1863 cells were stimulated with cytokine for the times indicated and extracted in a Triton X-100 buffer as described previously . Immunoblotting was performed using anti-E-cadherin (1:1000, BD Pharmingen, San Diego, CA, USA), anti-RhoA (1:500, Santa Cruz, CA, USA) or anti-tubulin (1:2500, Sigma-Aldrich, St Louis, MO, USA) mAb or with anti-RhoC (1:200, Bethyl Laboratories) polyclonal Ab. The RhoC Ab was generated by inoculating a rabbit with a peptide corresponding to the C-terminal region of the protein. Immune serum was collected and processed over columns containing two peptides each for the homologous regions of RhoA and RhoB. The antibody was then affinity purified on columns containing RhoC peptide and tested by ELISA using the immunizing peptide.
To determine the relative level of RhoC, RhoA and GAPDH (control) mRNA expression during EMT, LIM 1863 cells were stimulated with cytokine for the times indicated, and RNA was extracted and analysed by RT-PCR as described previously (Simpson et al., 2004) . Primers were as follows: RhoC forward, 5 0 -ATGCGTGCAATCCGA AAGAAG-3 0 ; RhoC reverse, 5 0 -TCAGAGAATGGGACAG CCCCT-3 0 ; RhoA forward, 5 0 -ATGGCTGCCATCCGGAA GAAA-3 0 ; RhoA reverse, 5 0 -TCACAAGACAAGGCAACCA GA-3 0 ; GAPDH forward, 5 0 -CCTGGCCAAGGTCATCCAT GAC-3 0 ; GAPDH reverse, 5 0 -TGTCATACCAGGAAATGA GCTTG-3 0 .
RNAi
The generation of retroviruses that expressed shRNAs for RhoA and RhoC was described previously (Simpson et al., 2004) . These retroviruses were added to LIM 1863 cells in the presence of 5 mg/ml polybrene. Following 72 h incubation with virus, cells were placed in low calcium RPMI 1640 supplemented with 5% FCS to generate a single-cell suspension, and 5 mg/ml puromycin was added for 72 h. Selected cells were maintained in normal medium containing 5 mg/ml puromycin. Reduction in target protein expression was determined by immunoblot.
Rho activity
RhoA and RhoC activity was assessed using the Rho-binding domain of Rhotekin (RBD) as described (Ren and Schwartz, 2000; Bellovin et al., 2005) . Samples were analysed on 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels followed by immunoblotting using antiRho polyclonal antibody, which recognizes both RhoA and RhoC (1:500, Santa Cruz), and anti-rabbit secondary (1:10 000, Pierce, Rockford, IL, USA). Densitometry was performed on the resultant immunoblots using IP Lab Spectrum (BD Biosciences, Rockford, MD, USA).
Migration assays
The ability of LIM 1863 cells to migrate towards 3T3 cellconditioned medium was performed as described previously . 
Promoter assays
ChIP analysis
Chromatin immunoprecipitation (ChIP) was performed using the Chip Assay Kit (Upstate) according to the manufacturer's instructions. Briefly, LIM 1863 cells were treated with TGF-b and TNF-a for 24 h or left untreated, and crosslinking of chromatin was performed with 1% formaldehyde for 10 min at 371C. Cells were washed twice with ice-cold PBS containing protease inhibitors (aprotinin, pepstatin, leupeptin and phenylmethylsulfonyl fluoride (PMSF)), collected by centrifugation at 41C, resuspended in 200 ml of SDS lysis buffer, and incubated on ice for 10 min. The lysates were sonicated to shear the DNA to lengths between 250 and 400 bp. For immunoprecipitation, the lysates were precleared for 30 min then incubated with an Ets-1 polyclonal Ab (Santa Cruz Biotechnology Inc.) at 41C overnight. Negative controls were incubated overnight without primary antibody. Protein A agarose was added for 1 h at 41C, and beads were washed once with low-salt immune complex buffer, once with high-salt immune complex buffer, once with LiCl immune complex buffer, and twice with Tris-EDTA buffer. The protein-DNA complexes were separated from the antibody by 15 min incubation at room temperature with fresh elution buffer (1% SDS, 0.1 M NaHCO 3 ) with rotation. After centrifugation, the supernatant was collected. Protein-DNA complexes were decrosslinked with 0.2 M NaCl at 651C for 4 h. DNA was recovered by phenol-chloroform extraction and ethanol precipitation. The following primers corresponding to four regions in the human RhoC promoter were used for PCR: ChIP-1 forward, 5-GCATCTGGGTACCGAAGGA-3; reverse, 5 0 -GGGTTTCGAGTCAGACTTC-3 0 ; ChIP-2 forward, 5 0 -ATTACTTGGGGCTTTGGGG-3 0 ; reverse, 5 0 -TCCTTCG GTACCCAGATGC-3 0 ; ChIP-3 forward, 5 0 -GAACTGTGC AGATGCTCGC-3 0 ; reverse, 5 0 -CAGCACAGTGACTGAGA AG-3 0 ; ChIP-4 forward, 5 0 -CTCCCAGCCCAGACTCTAG-3 0 ; reverse, 5 0 -GCGAGCATCTGCACAGTTC-3 0 . 5 ml sample was added to the One-Step RT-PCR kit (Qiagen) containing the indicated primers at a concentration of 0.5 mM. Thirty-five cycles of PCR were performed (941C melting, 601C annealing, 721C polymerizing), and final products were analysed on 1% agarose gels in TAE.
Tissue microarray and IHC Tissue microarray slides were generated and processed for IHC as described previously using the RhoC polyclonal Ab (1:750, Bethyl Laboratories). Scoring was performed by two observers with review of B15% initially discrepant cases.
Immunohistochemistry was similarly performed on SUM-159 breast carcinoma cells stably infected with retrovirus for shRNA of RhoC, RhoA, or a scrambled control. Reduction in RhoA and RhoC protein expression has previously been demonstrated by immunoblot (Simpson et al., 2004) . Wells of a 24-well dish were precoated with 200 ml of undiluted phenolred free Matrigel (10.2 mg/ml; BD Biosciences). Cells were harvested, washed three times with PBS, and diluted to a concentration of 1 Â 10 4 per well in a volume of 200 ml. Cells were mixed with 100 ml of undiluted ice-cold Matrigel for a ratio 2:1, and laid over the bottom layer. After gelling, complete culture media was added and changed every 2 to 3 days. Morphology was assessed at day 11, and the resulting cell blocks were formalin-fixed, mounted in paraffin, sectioned and treated for IHC as described above.
Statistical methods
Kaplan-Meier method was used to estimate median, 5-year, and 10-year survival along with their 95% confidence intervals. Log-rank test was used to examine the differences in survival between groups. The proportional hazard ratio model was utilized in a multivariate setting, adjusting for the effects of other covariates, including age, gender, tumor stage and lymph node status. w 2 test was used to determine the significance of association between RhoC expression and E-cadherin.
